Introduction
============

The close proximity of pelvic tumors (prostate, bladder or gynecological) to the anterior rectal wall makes it impossible to avoid irradiating the rectal wall during pelvic radiation therapy. The resulting rectal toxicity is frequently dose-limiting \[[@B1-molecules-13-00892],[@B2-molecules-13-00892],[@B3-molecules-13-00892]\]. Because the objective of conformal radiotherapy treatment of pelvic tumors is to reduce the amount of irradiation to normal tissues such as the rectum \[[@B4-molecules-13-00892],[@B5-molecules-13-00892]\], it is important to perform a comprehensive evaluation of the side effects of treatment. Endoscopy provides the best estimate of moderate rectal mucosal damage that does not inevitably lead to clinical symptoms of proctitis \[[@B6-molecules-13-00892]\].

There are currently no licensed or approved local or systemic therapies for the prophylaxis of rectal mucositis caused by radiation therapy \[[@B7-molecules-13-00892]\]. Amifostine \[**1**, WR2721, 2-(3-aminopropylamino)ethyl-sulfanyl phosphonic acid, marketed as Ethyol^®^ by MedImmune, Gaithersburg, MD, USA\] is an organic thiophosphate that was the first cytoprotective drug to enter routine clinical practice \[[@B8-molecules-13-00892]\]. Dephosphorylation of amifostine at the cell membrane by alkaline phosphatase releases the free thiol WR-1065. The comparative hypovascularity of tumors leads to tissue hypoxia, anaerobic metabolism, and a low interstitial pH. The low pH, coupled with higher alkaline phosphatase levels in normal tissues and capillaries and arterioles results in higher alkaline phosphatase activation of the prodrug in normal tissues than tumors. Consequently, the concentration of WR-1065 in normal tissues such as bone marrow, kidney, salivaryglands, and heart, is up to 100-fold greater than found in tumor tissues. WR-1065 binds directly to the active species of chemotherapeutic agents or ionizing radiation, within normal cells, resulting in their deactivation. Thus, selective protection of normal tissues is the result of reduced metabolism of amifostine to WR-1065 and low uptake of WR-1065 by tumors \[[@B9-molecules-13-00892],[@B10-molecules-13-00892],[@B11-molecules-13-00892]\].

Amifostine was approved for use as a radioprotector in the United States and the European Union on the basis of the results from a multicenter randomized study in head and neck cancer patients \[[@B12-molecules-13-00892]\]. Guidelines for its use in this indication have subsequently been published \[[@B13-molecules-13-00892]\].

In this article we present a comprehensive review of published clinical trials describing the cytoprotective effects of amifostine against radiation-induced rectal mucositis. In addition, we describe our experience with new end points for the assessment of radiation-induced acute rectal mucositis.

Relevant Studies
================

We searched the Medline (Pubmed) database using the following keywords: amifostine, radiotherapy, and pelvis. Non-controlled trials (non comparative), interim analysis, feasibility studies, phase I trials and/or early experience studies were excluded from the analysis. Under these criteria, several studies have evaluated the cytoprotective effect of amifostine against radiation-induced toxicity in patients with pelvic tumors ([Table 1](#molecules-13-00892-t001){ref-type="table"}). In a study reported by Liu *et al*. 100 patients with locally advanced rectal cancer received daily fractionated radiation therapy with or without intravenous amifostine (340 mg/m^2^) \[[@B14-molecules-13-00892]\]. None of the patients receiving amifostine with radiotherapy experienced moderate or severe late toxicities to the bladder or gastrointestinal mucosa compared with 14% of patients treated with radiation therapy alone (*P*=0.03). In a second study, patients with rectal tumors who had undergone postoperative pelvic irradiation with 50.4 Gy and who received amifostine (500 mg intravenously) before radiotherapy had a significantly lower incidence of bowel toxicity (*P*=0.044) than patients who did not receive amifostine, despite intermittent administration of amifostine (5 days per month) \[[@B15-molecules-13-00892]\]. Other studies have reported similar findings. Kligerman *et al*. \[[@B16-molecules-13-00892]\] reported no moderate or severe late gastrointestinal radiation-related toxicities in the group receiving intravenous amifostine (340 mg/m^2^) before radiotherapy, and Kouvaris *et al*. \[[@B17-molecules-13-00892]\] reported a significant cytoprotective efficacy of amifostine in patients receiving pelvic irradiation.
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###### 

Clinical Trials of Amifostine With Radiotherapy in Pelvic Tumors.

  Authors                                           N     Rectal Toxicity (Control *vs* Amifostine)                                              P Value   Remarks
  ------------------------------------------------- ----- -------------------------------------------------------------------------------------- --------- --------------------------------------------
  Liu et al. \[[@B14-molecules-13-00892]\]          100   14% vs 0% ; moderate or severe late toxicities                                         0.03      Randomized (intravenous)
  Dunst et al. \[[@B15-molecules-13-00892]\]        30    1.07±1.03 vs 0.40±0.63; maximum diarrhea score                                         0.044     Nonrandomized (intravenous)
  Kligerman et al. \[[@B16-molecules-13-00892]\]    100   5% vs 0% moderate or severe late toxicity                                              \<0.01    Randomized (intravenous)
  Kouvaris et al. \[[@B17-molecules-13-00892]\]     220   Grade I/II toxicity, 70% vs 42%                                                        \<0.001   Nonrandomized (retrospective, intravenous)
  Ben-Josef et al. \[[@B22-molecules-13-00892]\]    29    Grade I/II toxicity, 50% (500--1000 mg amifostine) vs 15% (1500--2500 mg amifostine)   0.0325    Nonrandomized (intrarectal)
  Kouvaris et al \[[@B24-molecules-13-00892]\]      36    Grade I/II toxicity, 88% vs 11%                                                        \<0.001   Randomized (intravenous)
  Muller et al. \[[@B18-molecules-13-00892]\]       6     Leukocytes and lymphocytes irradiated were radioprotected (comet assay measurements)   \<0.05    Nonrandomized
  Athanasiou et al. \[[@B19-molecules-13-00892]\]   205   Grade II/III acute toxicity, 22.1% vs 5.5% (3rd wk of radiation)                       0.001     Randomized (intravenous)
  Kouloulias et al. \[[@B25-molecules-13-00892]\]   67    Grade I/II acute toxicity, 44% vs 15%                                                  0.026     Randomized (intrarectal)
  Kouloulias et al. \[[@B26-molecules-13-00892]\]   53    Grade I/II acute toxicity, 42% vs 11%                                                  0.04      Randomized (subcutaneous vs intrarectal)

Radiation damage to cellular DNA and radiosensitivity of normal and neoplastic cells under a variety of conditions can be evaluated using the comet assay \[[@B18-molecules-13-00892]\]. This technique was used to evaluate the radioprotective effect of amifostine in six postoperative rectal cancer patients before and after intravenous administration of 500 mg amifostine. Amifostine alone did not alter radiation-induced DNA damage to irradiated leukocytes and lymphocytes *in vitro*. However, in the presence of 0.5 to 1 U/mL alkaline phosphatase, a significant radioprotective effect (*P*\<0.05) was observed *in vitro* with amifostine at concentrations between 250 and 5000 µg/mL. Amifostine 500 mg administered *in vivo* had a comparable radioprotective effect. Among 205 patients receiving pelvic irradiation in a randomized trial, significant reductions in acute grade 2 and 3 bladder and lower gastrointestinal tract toxicities were seen in the group treated with intravenous amifostine \[[@B19-molecules-13-00892]\]. Importantly, there were no statistically significant differences in tumor response rates between the 2 groups 6 weeks after completion of radiotherapy treatment.

Reports of systemic toxicities after intravenous or subcutaneous administration of amifostine have prompted studies evaluating the topical application of amifostine \[[@B13-molecules-13-00892]\]. Montana *et al*. \[[@B20-molecules-13-00892]\] administered amifostine (admixed in a foam) intrarectally, to patients receiving radiotherapy to large pelvic fields. The investigators used surviving crypts to score radiation damage but were not able to demonstrate any protection. However, in a preclinical trial in which amifostine was applied topically to the rectum of male Copenhagen rats, significantly higher concentrations of amifostine were found in the rectal wall than in prostate tissues at all time points \[[@B21-molecules-13-00892]\]. These findings have been validated in clinical studies, preliminary reports of which have demonstrated significant clinical benefits of rectal administration of amifostine \[[@B22-molecules-13-00892],[@B23-molecules-13-00892]\].

In a previous study, Kouvaris *et al*. \[[@B24-molecules-13-00892]\] evaluated acute radiation toxicity to the rectal mucosa in 36 patients who had undergone radiotherapy with or without prior intravenous amifostine treatment. Three different toxicity scales were compared: the World Health Organization (WHO) scale, the European Organisation for Research and Treatment of Cancer/Radiation Therapy Oncology Group (EORTC/RTOG) toxicity criteria, and a modified toxicity scale based on the LENT-SOMA grading scale and the endoscopic terminology of the World Organization for Digestive Endoscopy. Objective measurements for the latter scale were derived from flexible rectosigmoidoscopy performed at baseline and 1 to 2 days after completion of radiotherapy. To minimize any investigator-related bias, 3 physicians, each familiar with 1 of the 3 grading systems, independently scored acute rectal toxicity in each patient. Amifostine significantly reduced the incidence of radiation-induced lower gastrointestinal toxicity when assessed with each toxicity scale and rectosigmoidoscopy revealed more severe rectal mucositis in the control group. Furthermore, use of amifostine also reduced treatment interruptions resulting from radiation-induced toxicity.

In our institution, we have conducted two randomized trials to evaluate the efficacy of amifostine in preventing radiation-induced rectal mucositis. In the first study, cytoprotection with intrarectal amifostine was investigated \[[@B25-molecules-13-00892]\]. Patients with T1b2N0M0 prostate cancer were randomized to receive no pretreatment (n=34) or amifostine 1500 mg administered intrarectally as an aqueous solution in a 40-mL enema (n=33) before irradiation. Radiotherapy was delivered using a 4-field technique with 3-dimensional conformal planning. Two different toxicity scales were used: EORTC/RTOG rectal and urological toxicity criteria and a Subjective-RectoSigmoid (S-RS) scale based on the endoscopic terminology of the World Organization for Digestive Endoscopy. Objective measurements with rectosigmoidoscopy were performed at baseline and 1 to 2 days after the completion of radiotherapy. The area under the curve for the time course of mucositis (RTOG criteria) during irradiation represented the mucositis index (MI). Intrarectal amifostine was feasible and well tolerated without any systemic or local side effects. According to RTOG criteria, 5 of 33 patients experienced grade 1 mucositis in the amifostine group compared with 15 of 34 patients with grade I/II mucositis without amifostine (*P*=0.026). Mean rectal MI was 0.3°0.1 and 2.2°0.4 in amifostine-treated and untreated patients, respectively (*P\<*0.001). Similarly, S-RS scores were 3.9°0.5 and 6.3°0.7, respectively (*P\<*0.001). The incidence of urinary toxicity was the same in both groups.

In the second trial, radioprotection after intrarectal and subcutaneous administration of amifostine was compared \[[@B26-molecules-13-00892]\]. Patients were randomized to receive amifostine intrarectally as described above (n=27) or as a 500-mg flat subcutaneous dose (n=26) before irradiation. Radiotherapy was delivered using a 4-field technique with 3-dimensional conformal planning. Toxicity was evaluated using the same criteria as in the previous study. According to RTOG criteria, intrarectal amifostine significantly reduced the incidence of grade I/II rectal mucositis compared with subcutaneous administration (42% vs 11%, *P*=0.04). However, the incidence of urinary toxicity was higher in patients receiving intrarectal than subcutaneous amifostine (48% vs 15%, *P*=0.03). Mean rectal MI and S-RS scores were significantly lower with intrarectal amifostine (0.44 vs 2.45, *P*=0.015; and 3.9 vs 6.0, *P*=0.01, respectively), whereas mean urinary MI was lower with subcutaneous administration (2.39 vs 0.34, *P*=0.028).

At last but not least, some clinicians are concerned about tumor-protective effects of amifostine. For this purpose, a meta-analysis known as MAART was established to evaluate the impact of amifostine on overall and event-free survivals. Bourhis *et al*. \[[@B27-molecules-13-00892]\] analysed 11 trials with 1,014 patients and they showed that Amifostine had no significant impact on survival. The overall HR of death was 1.03 (95% confidence interval (CI): 0.87 - 1.21 with a p-value = 0.763) corresponding to a 5-year absolute benefit of -2.3% (95% CI: -8.1% - 3.8%, not significant).

Toxicity End Points
===================

The use of a specific analytic scale for objective measurements of acute radiation-induced rectal mucositis using endoscopy offers the possibility of accurate end points for the evaluation of tissue damage, but the criteria for interpreting rectosigmoidoscopy findings are not well defined. Symptoms experienced by patients (such as rectal bleeding, pain, increased stool frequency, urgency, and incontinence ) are frequently reported, but systematic endoscopic analysis of asymptomatic patients is rarely conducted \[[@B28-molecules-13-00892],[@B29-molecules-13-00892]\]. The 2 main grading scales currently used to evaluate symptoms of acute rectal toxicity, are the EORTC/RTOG and the WHO toxicity scales ([Table 2](#molecules-13-00892-t002){ref-type="table"}) \[[@B30-molecules-13-00892],[@B31-molecules-13-00892]\]. A valid scoring system is necessary to adequately describe acute rectal toxicity. To facilitate objective comparisons of data collected from endoscopy after radiotherapy, we have introduced a grading system based mainly on the LENT-SOMA criteria \[[@B32-molecules-13-00892]\], which is focused on acute effects but also on the standardization of the terminology the World Organization for Digestive Endoscopy as published by the European Society for Gastrointestinal Endoscopy \[[@B33-molecules-13-00892]\]. This new toxicity scale is shown in [Table 3](#molecules-13-00892-t003){ref-type="table"}. The objective measurements for this scale were obtained from flexible rectosigmoidoscopy performed at baseline and 1 to 2 days after the completion of radiotherapy.

During treatment, the maximum monitored EORTC/RTOG toxicity grade per patient was recorded as the radiation-induced acute toxicity score. In addition, to monitor radiation-induced morbidity over time, we also calculated a MI for rectal and urinary toxicity as described according to the trapezoid function: where χ = the timing of treatment postbaseline (in wk), y = the toxicity grade according to EORTC/RTOG criteria, and n = the time point of measurements \[[@B34-molecules-13-00892]\]. The MI represents the area under the curve for the time course of mucositis during the whole treatment period.
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###### 

WHO Toxicity Criteria and RTOG Acute Radiation Morbidity Scoring Criteria.

                                                          Grade 0   Grade 1                                                                                                                         Grade 2                                                                                                                                       Grade 3                                                                                                                                                                               Grade 4
  ------------------------------------------------------- --------- ------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  WHO Toxicity Grade                                      None      Increase of 2--3 stools per d over pretreatment                                                                                 Increase of 4-- 6 stools per d, or nocturnal stools, or moderate cramping                                                                     Increase of 7--9 stools per d, or incontinence, or severe cramping                                                                                                                    Increase of \>10 stools per d or grossly bloody diarrhea, or need for parenteral support
  EORTC-RTOG scale for lower gastro-intestinal toxicity   None      Increased frequency or change in quality of bowel habits not requiring medication, rectal discomfort not requiring analgesics   Diarrhea requiring parasympatholytic drugs, mucous discharge not necessitating sanitary pads, rectal or abdominal pain requiring analgesics   Diarrhea requiring parenteral support, severe mucous or blood discharge necessitating sanitary pads/abdominal distension (flat plate radiograph demonstrates distended bowel loops)   Acute or subacute obstruction, fistula or perforation; gastrointestinal bleeding requiring transfusion; abdominal pain or tenesmus requiring tube decompression or bowel diversion

EORTC-RTOG= European Organization for Research and Treatment of Cancer/Radiation Therapy Oncology Group; WHO=World Health Organization.

To evaluate the validity and reliability \[[@B35-molecules-13-00892]\] of the S-RS grading scale, we conducted an independent parallel study with 17 patients who received irradiation to the pelvis for prostate or bladder cancer. To reduce the risk of investigator-related bias, three independent physicians scored radiation-induced acute rectal toxicity using one of three different toxicity criteria: (1) toxicity using the WHO scale; (2) rectal toxicity according to MI based on EORTC/RTOG toxicity criteria; and (3) radiation-induced toxicity to the rectum using the S-RS toxicity scale. For the S-RS scale, two sets of measurements were taken during the final week of therapy (on Monday and Thursday), to minimize differences in toxicity. At the same time, we also evaluated patients using the WHO and MI of EORTC/RTOG toxicity scales. The test-retest reliability \[[@B35-molecules-13-00892]\] of the S-RS scale was excellent (Pearson R=0.96, *P*\<0.001). The validity of the S-RS scale was also high; the correlation with the MI of EORTC/RTOG scale (Pearson R=0.92, *P*\<0.001) and the WHO scale (Pearson R=0.78, *P*\<0.001) was also significant.
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###### 

Rectal Toxicity Grade\*.

                      Grade 1                               Grade 2                      Grade 3                      Grade 4
  ------------------- ------------------------------------- ---------------------------- ---------------------------- ---------------------------
  Subjective                                                                                                          
  Tenesmus            Occasional urgency                    Intermittent urgency         Persistent urgency           Refractory
  Mucosal loss        Occasional                            Intermittent                 Persistent                   Refractory
  Sphincter control   Occasional                            Intermittent                 Persistent                   Refractory
  Stool frequency     2--4 per d                            4--8 per d                   \>8 per d                    Uncontrolled diarrhea
  Pain                Occasional & minimal                  Intermittent & tolerable     Persistent & intense         Refractory & excruciating
  Objective                                                                                                           
  Bleeding            Occult                                Occasionally \>2 per wk      Persistent, daily            Gross hemorrhage
  Mucosa surface      Localized spotted, congested mucosa   Punctate, congested mucosa   Diffused, congested mucosa   Bleeding mucosa
  Ulceration          Superficial ≤1 cm^2^                  Superficial \>1 cm^2^        Deep ulcer                   Surgical intervention

\*Modification to Subjective Objective Management Analytic scale to fit radiation-induced acute toxicity to the rectum. Subjective and objective items were used for evaluation of acute radiation-induced rectal mucositis. The second and third items of the objective scale were based on findings from flexible rectosigmoidoscopy and were in accordance with the endoscopic terminology of the World Organization for Digestive Endoscopy. The final score was the sum of scores of the 8 items (score=0 in the absence of toxicity).

In previous studies evaluating the radioprotective efficacy of amifostine, objective evaluations of rectal toxicity using rectosigmoidoscopy have shown significant differences in the severity of radiation-induced mucosal toxicity depending on whether or not intrarectal amifostine was also administered. At the completion of radiotherapy, several patients who did not receive amifostine developed focal or diffuse reddening of the rectal mucosa with an edematous surrounding and superficial ulceration \>1 cm^2^ in diameter, similar to that seen in [Figure 1](#molecules-13-00892-f001){ref-type="fig"}. In a previous study \[[@B24-molecules-13-00892]\], we noticed that the subjective WHO and EORTC/RTOG grading scales sometimes overestimate the degree of toxicity in comparison with objective scales using rectosigmoidoscopy. At first, it seemed that objective toxicity criteria using rectosigmoidoscopy are less sensitive than the subjective scales of WHO and EORTC/RTOG. In fact, Hovdenak *et al*. \[[@B6-molecules-13-00892]\], by examining the sequential development and associations of clinical, endoscopic, and histopathologic rectal toxicity, concluded that endoscopic and histologic changes that develop during the first 2 weeks of treatment often stabilize or regress between the second and sixth week of treatment, despite continuing irradiation and progressively deteriorating clinical symptoms. This interesting observation may explain the apparent lower grading score of rectosigmoidoscopy because the second endoscopic evaluation was performed at the end of treatment after objective mucosal changes had regressed. In addition, Ben-Josef *et al*. \[[@B22-molecules-13-00892]\] concluded that proctoscopy is superior to symptom scoring as a method of assessing radiation damage of the rectal wall. Consequently, a subjective-analytical scale such as the WHO and the EORTC/RTOG grading scales should be used in combination for validated clinical results and more reliable end points. Our experience has shown that the use of this terminology is practicable and provides a definition of terms meaningful to both the radiotherapist and the endoscopist. In contrast to the gold standard which is the EORTC/RTOG scale, the S-RS scale demonstrated excellent clinical validity and reliability, due mainly to objective measurements, and this should not be underestimated \[[@B24-molecules-13-00892]\]. Wachter *et al*. \[[@B29-molecules-13-00892]\] proposed a fine graduated system based on a standardization of the endoscopic terminology. However, beyond the scientific merit of such a toxicity scale, the grading system was not readily correlated with scales already used in routine clinical practice in a radiotherapy department, especially for acute toxicity \[[@B30-molecules-13-00892],[@B31-molecules-13-00892],[@B32-molecules-13-00892]\].

![Rectosigmoidoscopic findings. Panels A and B illustrate a regular rectal mucosa in patients after intrarectal administration of amifostine. Panels C and D are from patients who did not receive amifostine and illustrate congested mucosa with superficial ulceration \>1 cm^2^ (indicated by the arrows) \[[@B36-molecules-13-00892]\].](molecules-13-00892-g001){#molecules-13-00892-f001}

Conclusions
===========

The intravenous route of amifostine administration is approved for use to reduce the cumulative renal toxicity associated with repeated administration of cisplatin in patients with advanced ovarian cancer and to reduce the incidence of moderate to severe xerostomia in patients undergoing post-operative radiation treatment for head and neck cancer, where the radiation port includes a substantial portion of the parotid glands. Although not approved, the intrarectal administration of amifostine for prophylaxis of rectal mucositis caused by irradiation of the pelvis appears to be feasible and effective. As shown in [Figure 1](#molecules-13-00892-f001){ref-type="fig"}, the effects of intrarectal amifostine in prophylaxis of radiation-induced rectal mucositis appear to be clinically significant. From our review of the literature, it is clear that in addition to improving patient symptoms amifostine can reduce severe acute rectal toxicity. Although current published evidence is promising, a large randomized multicenter trial is needed to accurately evaluate the role of amifostine in patients receiving therapeutic radiation to the pelvis.

However, the studies in prostate cancer reported in our review used 4-field techniques, rather than multi-field conformal techniques. With the use of intensity modulated radiation therapy (IMRT), the focalized administration of a higher radiation dose is allowed keeping exposure of surrounding normal tissues to low levels. Cytoprotection with amifostine administration before external beam of irradiation (especially with hypofractionated schedules), in combination with IMRT techniques would probably further reduce the incidence of early and late radiation sequel from the bladder and rectum \[[@B37-molecules-13-00892]\].

The S-RS toxicity scale is not only a new user-friendly grading system, but it also has the potential to accurately and reliably describe clinical end points related to rectal toxicity. Such a grading system would be beneficial as it serves as a common "language" for communication between endoscopists and radiation oncologists. We suggest that the S-RS provides a simple and consistent method of expressing radiation-induced rectal toxicity in a standard grading scale for use in future studies.

In conclusion, amifostine appears to have a significant cytoprotective effect in patients undergoing pelvic radiation therapy. Based on the results of these studies, further studies in large numbers of patients are needed to evaluate and confirm the optimal method of administering amifostine to maximize protection of the rectal mucosa in such patients. However, there should be more of an effort to detail the potential practical benefits of widespread amifostine use, in terms of cost-benefit and toxicity associated with amifostine delivery itself \[[@B38-molecules-13-00892]\]. Moreover, a new question is arising: low-grade toxicity is self-limited or does this tend to evolve into chronic rectal toxicity? Long term results analyzing the potential relation of acute and late rectal toxicity are also needed.
